Two novel repetitive sequence families were isolated from Turritis glabra (2n = 2x = 12). These two repeat families are similar to those of centromeric repeats in Arabidopsis thaliana, are co-localized on one chromosome pair, and differ by about 20% from each other. Phylogenetic analysis revealed that the two repeat families of T . glabra are more similar to each other than to the centromeric repeat families of other Arabidopsis and related species. The relationships of satellite sequences reflected the species phylogeny, indicating that the replacement of satellite sequences has occurred in each species lineage independently, and shared variants could not have existed for a long time between species.
Two novel repetitive sequence families were isolated from Turritis glabra (2n = 2x = 12). These two repeat families are similar to those of centromeric repeats in Arabidopsis thaliana, are co-localized on one chromosome pair, and differ by about 20% from each other. Phylogenetic analysis revealed that the two repeat families of T . glabra are more similar to each other than to the centromeric repeat families of other Arabidopsis and related species. The relationships of satellite sequences reflected the species phylogeny, indicating that the replacement of satellite sequences has occurred in each species lineage independently, and shared variants could not have existed for a long time between species.
Key words: Arabidopsis , centromere, satellite sequence, Turritis glabra Centromeric satellite sequences have been reported for Arabidopsis thaliana (Maluszynska and Heslop-Harrison, 1991; Murata et al., 1994) , and several related species (Kamm et al., 1995; Heslop-Harrison et al., 2003; Kawabe and Nasuda, 2005; Hall et al., 2005) . All the species have similar sequences of 180-bp unit tandem repeats. A . thaliana has a major centromeric repeat (pAL1) on all ten chromosomes (Maluszynska and Heslop-Harrison, 1991; Murata et al., 1994) . Similarly to A . thaliana , A . arenosa and Olimarabidopsis pumila (syn. A . pumila and A . griffithiana ) have species-specific 180-bp repeats (respectively named the pAa and pAg family) on all chromosomes (Kamm et al., 1995; Heslop-Harrison et al., 2003; Hall et al., 2005) . In contrast, A . halleri ssp. gemmifera and A . lyrata ssp. kawasakiana have at least three different types of centromeric repeats with chromosome specificity (Kawabe and Nasuda, 2005) . These three families are the pAa family isolated from A . arenosa and two novel families, pAge1 and pAge2. All these species' centromere satellite families differ up to 40% but can be aligned. Capsella rubella , however, has completely different satellite sequences from other Arabidopsis relatives, although the time of its divergence from O . pumila is shorter than that between A . thaliana and O . pumila (Hall et al., 2005) .
In the present study, satellite sequences similar to the centromeric 180-bp repeat of A . thaliana were isolated from Turritis glabra (syn. Arabis glabra ). T . glabra is a diploid species (2n = 2x = 12) and has been used as material for molecular evolution studies as a reference for A . thaliana (Kawabe et al., 1997; Miyashita et al., 1998; Koch et al., 1999 Koch et al., , 2000 Kawabe and Miyashita, 2002ab; Lysak et al., 2006) .The estimated divergence between T . glabra and A . thaliana is about 20% at synonymous sites of the coding regions, which is similar to the level of divergence between A . thaliana and C . rubella or O . pumilla (Koch et al., 2000) .
A plant of T . glabra was sampled from Ohmi-Shirahama in Shiga prefecture, Japan. Total DNA was purified by a modified CTAB method and digested by several 6-cutter restriction endonucleases. Digestion by only Hin dIII or Dra I yielded weak ladder pattern bands as expected for tandemly repeated sequences. A basic unit of the ladder bands (about 180 bp) from Hin dIII-digested DNA was cloned into pUC18 and sequenced as described by Kawabe and Nasuda (2005) . Newly obtained sequences were deposited to DDBJ under Accession numbers AB082536-AB082541.
Six clones similar to pAL1 of A . thaliana were isolated from Hin dIII-digested total DNA of T . glabra . All six clones have one Dra I site, which may cause the ladder bands produced by Dra I digestion. These six sequences are 56.9% to 67.8% identical to the pAL1 family sequences of A . thaliana , and can be classified into two groups depending on sequence identities. In the present study, the two repeat families are designated pAgl1 and pAgl2. sequences within pAgl1 and pAgl2, respectively. The existence of centromeric satellite sequences of other species in the T . glabra genome was tested by PCR ( Fig. 1) as described in Kawabe and Nasuda (2005) . PCRs with the pAL1, pAa, pAge1, pAge2, pAg, and C . rubella centromere satellite-specific primers showed no amplification, whereas pAgl1 and pAgl2-specific primers amplified typical ladder fragments. This result indicates that the T . glabra genome has pAgl1 and pAgl2 families as tandem arrays but has no sequences very similar to previously isolated centromere satellite sequences from Arabidopsis species.
The phylogenetic relationship of pAL1 type 180-bp centromeric repeat families shows that the two satellite families of T . glabra make a cluster with high bootstrap probability and are more similar to each other than to other satellite families of other species (Fig. 2) . Sequences from T . glabra make a cluster with the O. pumila pAg family (average identities to the pAgl1 and pAgl2 families are 71.2% and 68.8%, respectively) and the other centromere satellite families of other species ( A . thaliana (pAL1), A . arenosa (pAa), A . halleri (pAa, pAge1, and pAge2), and A . lyrata (pAa, pAge1, and pAge2)) make another cluster, as previously reported phylogeny of other genic regions (Miyashita et al., 1998; Koch et al., 1999 Koch et al., , 2000 Kawabe and Miyashita, 2002b) . This observation suggests that the evolution of satellite sequences reflects the divergence of species from which the satellite sequences are obtained. Thus, replacement of older sequences by newly emergent satellites in Arabidopsis relatives might occur in each species lineage independently, and shared satellite families could not be maintained for a long time.
The genomic organization of the T . glabra satellite sequences was analyzed by fluorescent in situ hybridization (FISH) (Fig. 3) . The two sequence families exist at condensed chromosomal regions on pachytene chromosomes and are co-localized on one set of chromosomes. Although the quality of FISH images is not sufficiently high to draw a firm conclusion, these two satellite families might be centromere-specific, as expected from the similarity of their sequences to other species' centromere satellite sequences. The other five pairs of chromosomes show no signals of the two repeat families. The failure to obtain ladder pattern bands with most restriction enzymes suggests that the centromere satellite sequences in these five chromosomes contain no suitable restriction enzyme recognition sites.
Chromosome-specific satellite sequence families have been reported in both animal and plant species (e.g., Warburton et al., 1993; Choo et al., 1994; Harrison and Heslop-Harrison, 1995; Gindullis et al., 2001 ). Like T . glabra in the present study, A . halleri and A . lyrata also have chromosome-specific centromere satellite families Fig. 1 . Existence of 180-bp satellite families. PCR products were electrophoresed on a 2% agarose gel. The primer combinations are indicated at the top of each lane. A 100-bp DNA ladder (Invitrogen) was used as a size marker. Primers for pAL1, pAa, pAge1 and pAge2 were described in Kawabe and Nasuda (2005) . Sequences of the primers for T . glabra satellite families were 5'-ACC GAT TTT TGA AAA CTT CT-3' and 5'-CTT CTC CCC CCC CCA CCC AC-3' for pAgl1 and 5'-ACC GAT TTT TGT GAA CTT CT-3' and 5'-AGA AAT TCT CTC CCA CCC AC-3' for pAgl2. Two other primer sets were used for the pAg family (5'-CTT CTA CAC TCA CCC ACA CC-3' and 5'-CTA GGA CTT CTT CTT CAC CTA T-3') and C . rubella centromere satellite family (5'-TGR GAC CAA ATW TCA ACA AG-3' and 5'-GAT AAG AAC CCA AAA CCA TT-3'). Fig. 2 . Phylogenetic relationship of centromeric satellite families. A phylogenetic tree was constructed by the NJ method with Jukes and Cantor distances (MEGA2: Kumar et al., 2000) . Consensus sequences for each of pAL1 (Martinez-Zapater et al., 1986; Simoens et al., 1988) , pAa (Kamm et al., 1995; Kawabe and Nasuda, 2005) , pAge1, pAge2 (Kawabe and Nasuda, 2005) , and pAg (from A . griffithiana (O. pumila); Heslop-Harrison et al., 2003) and six T. glabra sequences were used. Bootstrap probabilities with 500 replications are shown beside the branches. The scale bar is shown at the bottom left of the tree. (Kawabe and Nasuda, 2005) . Both A. halleri and A. lyrata have at least three different satellite sequence families, which are about 30% different from each other. However, the closely related species A. arenosa has just one centromere satellite sequence family on all its chromosomes (Kamm et al., 1995) . Sequence diversity analyses of centromere satellite sequences among A. halleri and A. lyrata subspecies revealed some evidence of recently spread satellite family sequences (Kawabe and Charlesworth unpublished result) . Also, the chromosome specificities differ between (sub)species (Kawabe and Nasuda, 2005; Berr et al. 2006) and even between local populations (Kawabe and Nasuda, 2006) . Thus, the emergence of new centromere satellite families might be a frequent event, and replacement of old satellites should have occurred very rapidly in each chromosome. In the other clade of Arabidopsis-related species studied so far, O. pumila has species-specific 180-bp satellite sequences similar to pAL1 of A. thaliana, but C. rubella has speciesspecific centromere satellite sequences with no homology to satellite sequences from other Arabidopsis relatives (Hall et al., 2005) . In the present study, we found that T. glabra, classified into the same clade as O. pumilla and C. rubella, has two pAL1 type centromere satellite families co-localized on only one chromosome pair. Recent comparative mapping studies of Arabidopsis relatives showed highly conserved chromosome arm structures even very close to centromere regions Lysak et al., 2006) suggesting that centromeric satellite evolution occurred within established centromere regions. The similarity among 180-bp families from distant species suggests that new sequences are originated from variants of already existing sequences and that replacement of centromere sequences with completely different sequences is a rare event. It would be of interest to know what kinds of satellite sequences exist on the five chromosome pairs of T. glabra that did not show any signals of pAgl1 and pAgl2. Isolation and characterization of other centromeric satellites from T. glabra would make it possible to describe the evolutionary dynamics and the functional conservation of centromere satellite sequences.
